Laboratory models of a braided valley flat in coarse material were used in conjunction with field data to study confluence scour at braid anabranches. Correct prediction of the depth of scour is required for the design of buried pipeline crossings. Braid pattern and anabranches constantly shift and avulse so that scour holes have definable lifetimes. Although the scatter is large, the depth of water in the scour hole depends on confluence and relative anabranch discharge; this depth can be as high as six times the ambient depths in the anabranches.
Mosley's study indicates that scour depth increases with the angle of incidence 0 at which the upstream anabranches meet. An increase of 0 implies a decreased radius of curvature of the streamlines of the primary flow as they pass through the confluence, which agrees with the observation from bend scour experiments that scoui' depth is inversely related to the radius of curvature of the bend. Mosley also found that for a given total discharge in the two channels, the depth of scour decreases as the discharge becomes concentrated in one of the anabranches at the expense of the other. While these two factors (angle of incidence and relative discharge of the two channels) were dominant, Mosley also demonstrated that an increase in the total sediment load could produce a reduction of scour depth of up to 25% over a four-fold increase in sediment load when all other factors remained unaltered. Ashmore [1982] confirmed the presence of the secondary flow cells described by Mosley but reported only weak relationships between scour depth and angle of incidence 0 for scours with varying total discharge.
Confluence scour, in addition to resembling back-to-back bend scour, can also be seen to be analogous to scour in a lateral constriction. Indeed such scour is common in braided streams also [Smith, 1973; Hein and Walker, 1977] . The rapid flow at the constriction can be described as a wall jet flowing tangentially to an erodible bed. Scour holes produced by wall jets of simplified geometry have been studied by a number of researchers, for example; Rajaratnam and Berry [1977] . The shape of these scour holes closely resembles that of braid confluenee scour. Under certain tailwater conditions, slip faces resembling those sccn downstream of confluence scours form downstream of these jet scours [Rajaratnam et al., 1981] . The major difference between the two is that most studies of jet scour have utilized dear water in the jet; the scour hole tends towards a static state. The 'jet' of confluence scour is usually laden with sediment, and any equilibrium geometry is dynamic in nature. Parker and Anderson [1975] raised the possibility of fairly detailed modeling of gravel bed streams by using sand in laboratory river trays and Froude similarity principles. This possibility was realized in Ashmore's [1979, 1982] model of an entire valley flat and also recently by Southard et al. [1981] . Ashmore's model was used to describe processes of bar formation, channel shifting, and local sediment size sorting. The presence of confluence scour was noted and a description of its characteristics given together with measurements of the hydraulic geometry of model anabranches.
MODELING OF GRAVEL BRAIDED STREAMS
The accuracy of the model was checked by the measurement of the parameters of hydraulic geometry' cross-sectionally averaged depth H, water surface width B, and discharge Q at bankfull or formative stage. Since active channels were always undergoing changes in cross section form, the measured discharge of an active, well-developed anabranch at a given time was taken to be its formative discharge at that time. Parker [1979] introduced the concept of dimensionless hydraulic relations for gravel streams; should model th e other in the sense that both data sets obey the same dimensionless hydraulic relations ((la) and (lb)).
In Figure 2 , data for B*, H*, and (• are plotted for Ashmore's [1979] experimental anabranches and field anabranches from the Sunwapt a River, Alberta, Canada [Rice, 1979] . The portion of the SUnwapta River from which the data were collected is a steep and braided reach about 10 km downstream from the glacial source of the river. The bed material is coarse, mainly gravel. The valley flat slope ranges from 0.013 in the upstream part of the reach, declining to 0.005 at the downstream end. This decline in slope is accompanied by a reduction in the D5o of bed material samples from about 70 mm to about 8 mm. The river tray slope was 0.013, and D5o in the anabranches was between 1.2 and 1.8 mm. The two data sets coincide fairly well despite differences in channel slopes, as could have been predicted from Parker's [ 1979] results for single channels. The dimensionless depths for the laboratory anabranches plot somewhat low; this is likely due to a weak Reynolds effect [Parker et al., 1982] . The comparatively small range of values of (• in the laboratory compared with the field may also contribute to differences between the two sets shown in Figure 3 . However, it is clear that a dimensionless relation determined solely from laboratory data would give reasonably accurate results when applied to the Sunwapta River within the same range of •. In this sense, one models the other.
The above result suggests that an appropriate dimensionless relation for confluence scour depth determined in the laboratory model would also apply to field streams similar to the Sunwapta River. This paper examines that likelihood. [Church, 1972] and the other from Kicking Horse River, British Columbia, Canada [Smith, 1974] are shown in Figure 3 for comparison. The DE0 of the sand was 1.11 mm and % = 2.14.
The sediment and part of the water were recirculated using a portable diaphragm pump; the remainder of the discharge was pumped into the flume from the laboratory sump. Both pumps were calibrated so that the combined water discharge could be set to the desired quantity.
EXPERIMENTAL PROCEDURE
Braided streams flowing on wide, unvegetated valley flats possess two sets of hydraulic parameters of relevance here. One set refers to the overall parameters of the valley train itself; this set includes valley train slope Sv, valley flat width By across which the anabranches are free to move, total water discharge Q,, and coarse sediment mass discharge G, being fed into the valley as bedload. The other set refers to the local conditions within a single anabranch: water surface slope Sw and bed slope Sb, water surface width B, cross-sectionally averaged water depth H, discharge Q and median bed surface grain size D5o.
There must be some relation between the two sets. The sum of the anabranch discharges Q must equal Q, (assuming that groundwater flow is negligible and there is no inflow or outflow of water for the reach in question). Anabranch slope may vary but the range of variation is constrained by the overall valley slope. It was hypothesized, for the purposes of analysis, that under a variety of valley flat conditions in an attempt to confirm that they are not important in the scour relation. In the well sorted sediment (referred to hereafter as Series 1), Qoand Gowere chosen and fed into the flume until a state of gross equilibrium was established. This equilibrium was defined in terms of a plot of overall flume slope Soand sediment discharge at the downstream end of the flume. When the sediment discharge came into balance with the feed rate Go and So was stable, it was assumed that gross equilibrium had been established. From this point on, anabranch and scour parameters were measured, holding Qoand Goconstant. Four such runs with different Q and Gowere made. Table 1 lists Qo, Go, and Soat equilibrium and the time required to reach equilibrium. Each equilibrium state is defined by a letter I, A, B, or C; they are listed in chronological order of formation. It can be seen that for constant Qo equilibrium slope increases with sediment feed rate, as would be expected. In the one case where Gowas held constant but Qodecreased by one third, the slope increased markedly.
In the poorly sorted sediment (referred to hereafter as Series 2), measurements were again taken at a variety of valley slopes and discharges. Equilibrium using sediment recirculation was established fairly quickly (10-15 hours). In contrast to the sediment feed system, the sediment discharge is determined by the river in response to imposed So and Qo Between each run the sand was levelled and a straight channel with trapezoidal cross section cut down the middle of the flume. Braiding developed from this straight channel in only a few (usually < 10) hours. Once the whole flume had been reworked by the braided channel or the width of the braided channel zone stopped increasing, measurement commenced. Scour measurements were taken from six runs at various combinations of slope and discharge, although over half of the data comes from one run. These runs are listed in Table 2 together with the number of scour holes measured, Qo So and Go Note that run 12 is a continuation of run 11; the bed was not levelled between these two runs. Gowas measured by sampling the load delivered to the head of the flume for one minute every 15 minutes. The volume was recorded, and later an empirical conversion to dry weight was determined. The average of over 200 measurements of sediment discharge for each run was taken as Go for that run.
In the case of run 12, no measurements were taken and the value of Gois interpolated from a graph of sediment load Go versus discharge Qofor five runs at the same slope.
In both well sorted and poorly sorted sediment each run lasted several days. Among the kaleidoscope of scour hole forms that occurred, a relatively simple geometry was chosen for further investigation. This geometry consisted of two mobile bed anabranches joining to form a confluence, such that neither the confluence nor the anabranch reaches immediately upstream were affected by the flume walls. In Series 1, average particle size of the bed material in the anabranches and the scour hole was determined by scraping grains from the surface and then measuring the length of the b axis of about 100 grains using a microscope with a calibrated eye piece (see Ashmore [1979] for details of the technique). In the Series 2 experiments the bed surface material was sampled using a 2-cm square of sheet metal smeared with vaseline. When applied to the bed, the vaseline picked up the surface particles. The samples were prepared for analysis by dissolving the vaseline with naptha. They were then photographed, and the b axis of 100-200 grains measured from the enlarged photographs using a digitizer linked to an Apple II computer. Both techniques are assumed to give an area by number sample [Kellerhals and Bray, 1971] . Maximum scour depth (water surface to bed) could be measured accurately using a point gauge, and angle of incidence was recorded to the nearest 5 ø . Because scour hole geometry changed rapidly (usually in a few minutes), measurements had to be made quickly, and some inaccuracies, particularly in measurement of discharge, resulted. In all, 42 scour holes were measured in Series 1 and 38 in Series 2. Bed material samples were taken for only 22 of the latter series.
FIELD PROCEDURE
Scour data were collected from a reach of the Sunwapta River, Alberta, Canada, part of which is she wn in Figure 5a . For comparison, the Series 1 and 2 model valley flats are shown in Figures 5b and 5c. The reach of the Sunwapta River was the same as that from which Rice [1979] collected hydraulic geometry data. The annual peak flows in this part of the $unwapta River coincide with the maximum glacial melt in midsummer. During this period, discharge fluctuates systematically in response to diurnal changes in air temperature. Measurements of scour holes were made during daily peak flows and during the discharge peaks associated with heavy rainstorms. Because parts of the river are extremely hazardous at high flows, access to suitable scour holes was restricted. Only channels which could be safely waded could be measured. As in the laboratory experiments, attention was focused on scour holes produced by two well defined anabranches. For each scour hole a single cross section in each anabranch and the local water surface slope was surveyed. Velocity was measured using surface floats; the velocity of three floats at each of three locations, close to either bank and at the center of the channel, was averaged to give a velocity. This method was later compared empirically with measurement using a Pygmy Price current meter at 0.6 depth from the surface at 1 m intervals across the channel. An average conversion from float velocity to average velocity was calculated using data from 20 channels measured by both The constant migration of the braided river anabranches means that the form of a given scour hole rarely remains unchanged for more than a few minutes in the laboratory. The position of the scour hole and its orientation respond to the relative strengths (discharge or velocity) of the flow in the two anabranches. When the discharge is approximately equal in the two channels, the long axis of the scour hole bisects the angle of incidence, but if one channel is dominant, the long axis of the scour hole tends to parallel that channel. Mosley [1976] also observed this behavior in this laboratory confluence. The dominance of one channel may also result in the progressive lateral migration of the scour hole because of the growth of a sediment lobe from the larger channel, causing erosion of the bank opposite (Figure 8 ). Ashmore [1979] gives some examples of this process. In the field, individual scour holes rarely lasted for more than a day or two during peak flows and on occasion could be seen to change even during measurement.
The helical flow cells observed by Mosley [1976] could be traced using dye in the laboratory and were most obvious at high angles of incidence. In the field, evidence for the secondary circulation is harder to find, but ripple patterns in the sand veneer in abandoned scour holes show that such currents were present. On occasion, ripples in abandoned scour holes could be seen to have migrated obliquely and sometimes almost perpendicularly up the sides of the scour hole.
Occasionally scour holes are abandoned more or less intact following a sudden avulsion of the flow upstream. Usually, however, scour holes are filled in by the encroachment of a sediment lobe from one channel as the other gradually loses flow and the secondary circulation wanes.
ANALYSIS AND RESULTS
A detailed dimensional analysis would require relating maximum scour hole depth H s to a variety of anabranch and valley flat parameters. It was hypothesized that valley flat parameters are much less important than those of local anabranches. The work of Parker [1979] suggest that the functional relations between width, depth, discharge, grain size, and slope in selfformed coarse channels are sufficiently well defined to allow the use of only two 'independent' hydraulic parameters in describing anabranch relations. An extension to relations for confluence scour also requires a-description of both the geometry of the confluence and the fact that one upstream anabranch may be stronger than the other. The two hydraulic parameters were arbitrarily chosen to be upstream densimetric Froude number Series 2 line plots below them. Table 3 cohesive sediment is indistinguishable from that for noncohesive sediment, so that while the scour depth for a given angle is lower, the rate of increase in depth with 0 is identical to that for noncohesive sand and gravel.
As with e the influence of densimetric Froude number F0 (based on 86 points) and local water surface slope Sw (based on 65 points) on rH is very weak. Plots of both these variables with rH revealed no consistent trends, and attempts to discern a relationship by stratifying the samples for e and 0 were also unsuccessful. Stratification of the rH-O relationship for F 0 and Sw also failed to reveal consistent trends.
In poorly sorted material it is possible that the scour holes may become paved with a coarse lag which might limit the scour depth. Samples of bed material from the upstream anabranches and the bed of the scour hole were taken for 42 Series 1 scours and 22 Series 2 scours. For Series 1 the average ratio of Dgs/Dg (mean b axis in the scourhole/mean b axis of the incident anabranches) was approximately 1 with a range of 0.7 to 1.3. For the poorly sorted material in Series 2 the mean was again close to 1 (0.95) with a range from 0.6 to 1.9. Of the 22 scours sampled, only six showed coarser material in the scour than in the anabranches. In other words, there is no accumulation of a coarse lag in active confluence scours. This conclusion is further supported by bedload samples from the Series 2 scours in which the bedload leaving scours, on the average, was slightly coarser than that entering it. The average ratio of Dgs/Dg in this case was 1.08. These scours showed no visible accumulation of coarse material in the scours apart from occasional very large resident particles encountered during scouring. Any large particles entering the scour from upstream were moved straight through the scour.
In this context it should be pointed out that Mosley [1976 Mosley [ , 1977 observed a reduction in depth as total sediment load 
DISCUSSION
The major control of relative scour depth rH has been shown to be the angle of incidence of the upstream anabranches, with only minor contributions from the relative discharge of the two channels e and the densimetric Froude number Fo. Thus the local geometry dominates over the hydraulic parameters. There is now some evidence that the bed material influences the scour depth also. This is most obvious for Mosley's data from cohesive bed material, in which scour depths are much lower than for noncohesive bed material. The differences between the well sorted and poorly sorted laboratory sand are marginal. The analysis suggests that there is a tendency for scour to be deeper in .the well sorted material. The engineering literature on the effect of sediment sorting on scour is scant. The difference between the Series 1 and Series 2 data is not attributable to the development of a coarse lag, since a lag is absent from these scours. It is, however, possible to argue that a poorly sorted sediment mixture is in some bulk sense less mobile than its well sorted counterpart, both having identical mean grain sizes [Parker and Klingeman, 1982] . This lesser mobility might correspond to a relatively greater expenditure of power to move grains through the hole, with less excess power available to scour the hole deeper.
From the point of view of the applicability of the modeling of gravel bed rivers with noncohesive sand, the scour measurements support the hydraulic geometry data presented earlier, which show a good correspondence between the model and field data. Apart from the question of whether the use of well sorted instead of poorly sorted sand affects the results, which has already been discussed, the most important question is whether the models show any effects resulting from that comparatively low Reynolds numbers. Comparison of the field data and the Series 2 data, whose grain size distributions are comparable, suggest a tendency for the model to underestimate scour depth in comparison with the prototype (Figure 9b) . However, the same statistical argument applies here as elsewhere, that the 95% confidence bands for the field data overlap the Series 2 regression line. This aside, the difference in depth is about one half an rH unit, which for rH -5.0 is 10% and for rH-3.0 about 15%. These values are tolerable for design purposes but may be of some academic concern.
The analysis suggest that a reasonable estimate of scour depth can be obtained from a knowledge of only the average depth of the channels and the angle of confluence. It should be noted that confluences are often more complex in form than those discussed here, but our laboratory observations suggest that the complex scours are not as deep as the well defined geometries discussed herein.
CONCLUSIONS
It has been shown, using field and laboratory model data, that confluence scour in gravel braided streams can be modeled reasonably well in coarse, noncohesive bed material. Scale effects, presumably resulting from low model Reynolds numbers, are not greater than about 10%.
Generally speaking, 0, the angle of confluence, is the major influence on scour depth rH, but the relationship is modified slightly by the relative discharge of the two channels when this difference becomes large. If one channel approaches twice the size of the other, the relationship with 0 becomes poor. For angles between 30 ø and 90 ø the relationship is almost linear. Maximum relative scour depth rH rarely exceeds 6.0 (only seven of 135 data points exceed rH = 6.0). This relationship covers the most common naturally occurring confluence angles.
The influence of bed material sorting and cohesiveness is apparent in comparing data sets from different sources. Cohesive bed material gives markedly lower depths than noncohesive material, while poorly sorted sand may give slightly lower depths than well sorted sand of the same mean size. Coarse lag material is absent from the scour holes even in poorly sorted sand. These observations from self-formed confluence scours confirm the controls on depth first proposed by Mosley [1976] for controlled laboratory experiments.
Confluence scour depth is clearly independent of valley parameters for the range of measurements reported herein (e.g., 0.005 _• Sv _• 0.016). At present, however, there is no reason to believe that the same scour relation should apply to such cases as large, low-slope sand bed braided streams. 
